This paper proposes a bracing strategy for micro/macro manipidatom. The bnwing micro/macro manipulator can provide advantages in accurate positioning, large workspace, and contact-task capability. However, in exchange for improvement in performance, one must accept the complex control problem along with the complex dynamics. This research develops a control scheme for a bracing manipulator which makes multiple contacts with the environment. Experimental d t s show the feasibility of the proposed ideas for real world applications.
Introduction
In general, a micro arm is mounted on the end of a macro manipulator. The macro manipulator would c~v r y the micro arm to the place of interest in a large workspace. Then, the micro arm would perform fine motions.
One of the inherent problems with this serial configuration of microlmacro manipulators is the structural flexibility of the macro manipulator. Bracing a microlmacro manipulator can be one effective way to reduce or damp out its structural vibration. For example, the manipulator would brace against a stationary frame, and the end effector would perform line motion control just as a human braces the wrist for accurate writing. By forming a close kinematic chain, bracing will stiffen its structure and secure the end point positioning.
Bracing requires a special type of control strategy due to its complex constrained dynamics. This research generalizes the bracing arm control problem as a hybrid control of flexible manipulators with multiple contacts. For example, the end effector works against a workpiece, and the other part of the manipulator may brace against a stationary frame. Then, the manipulator should be able to control the position/ force not only at the end effector, but also at the bracing point. This requires hybrid control of multiple contacts with the environment. This paper presents a hybrid pitiodforce controller for flexible link manipulators which make contact with environment at more than one point. First, a mathematical formulation of the umshined dynamics is obtained. Their dynamics are transformed into two using the singular value decomposition of constraint equations. The force and position controllers are developed based on the orthogonality of these two subspaces.
This work has been developed in a generic form for broad application. Theoretical study proves its asymptotic stability, and experimental results show promising feasibility of bracing strategy for red world application. s u b s p m such a~ Constrained and constraint-free space^
ProblemStatement
The bracing arm control problem is generalized to a hybrid control of flexible manipulators with multiple contacts with the environment. Figure 1 shows the general case of a bracing manipulator with n joints, all active, constrained by m contacts with the environment. Contact with E n v i " m t
The objective is to control the positiodforce of the end effector while satisfying all the constraints and maintaining desired contact forces at the bracing points. A bracing manipulator, which is a redundant manipulator, 'PNL is operated for the U.S. Department 
Dynamics of Bracing Micro/Macro Manipulators
The dynamics of open chain flexible manipulators can be derived using the Lagrangian formulation with the assumed modes method. Also, an efficient method is available for deriving the equations of motion for coupled micro/macro systems. Details can be found in Lew (1993) . When a micro/macro manipulator which is flexible, braces against the stationary environment or when the end effector makes contact with the environment, a closed kinematic loop is formed, i.e. the manipulator may make more than one contact. Then, the dynamics of the flexible manipulator will be changed due to the unknown constraint forces from the environment, If one combines all of the reaction forces into one matrix and rewrites equation (2) in a simpler form.
M4+Cq+Kq=4'A
where Similarly, we may replace the configuration constraint by a velocity constraint, which is a restriction on the velocity in a specified position. The time derivative of the config-uration constraint equation, which is the velocity constraint, is:
Recall that X ER= and 4' ER" and rank(#) = m Since each constraint is assumed to be independent. Now, we have N (= rigid + flexible) differential equations with m unknowns and m velocity constraints.
Hybrid Control for Bracing 4.1 Elimination of Constraint Force (A)
To design a controller for constrained manipulators, the equation of motion should be repmted in a standard form without constraint forces. The constraint forces can be found using Singular Value Decomposition (SVD). It is seen that the constraint force is eliminated in the second equation corresponding to the z e~ in the last term of equation (4).
System Order Reductions
Each configuration constraint equation may be solved for one of the generplized coordi-. Substitution of that result into the equations of motion, and the other constraint equations will remove the selected generalized coordinate from the formulation. The result will be a reduction in the order of the system equations. However, such an approach is effective d y for a special form of the algebraic constraints. In this section, the use of the pseudo inverse achieves a systematic reduction of the system order of constrained flexible manipulators.
From constraint equations, we have:
If one takes the pseudo inverse of the rigid part of the constraint matrix which gives minimum norm, one can obtain an allowable rigid joint motion From the constraint: R") . Substitution of equations (6), (7), and (8) 
Quasi-Static Assumptions
Assume that the flexible mode becomes static after bracing, although the joint angles have dynamic motions. Thus, we may assume that terms in equations (9). (lo), (11) involving + and df are zero. The justifications of this quasi-static assumption are:
Bracing forms kinematic closed loops, consequently, the kinematic structure of the manipulator becomes more rigid. After bracing, the manipulator moves in a relatively slow motion. Therefore, the structural vibration is not excited by the rigid motion of joint angles. Under the quasi-state condition, the constrained sys-1.
2.
tem of dynamic equations (9), (lo), and (11) Recall that the response of the system differential equations has to satisfy equations (12), (13), and (14). If the state z is controlled to be the desired state by the position controller, i and 2 become zero at steady state. Then, equation (12) Based on these quasi-static assumptions, a hybrid controller is proposed and the closed-loop system stability will be Let the force controller input be:
where K, is the force controller gain. Thus, the position controller T~ should be able to make and at the same time, the force controller will make A+, with the proposed force control input. On the other hand, the magnitude of the flexible mode becomes:
Proposed Feedback Controller
The control objective is to make z+q and A+&. Each contact point should be able to follow the desired trajectory and to maintain the desired contact force. In
To represent the control input in terms of joint angles and flexible modes which are measurable, multiply the equations (6) and (8) The program is written in C language, and the sampling rate for experiments was set at 4 msec. Two "custommade' force sensors are used to measure the contact forces, and the strain gages at each link of RALF give the information of how much the link deflects.
Single Contact Point Hybrid Control
The proposed hybrid control is applied to a single end-point contact case. The experiment is carried out using only RALF. The constraint surface is located 11 feet away from the base of RALF and has a slope of 125 degrees as shown in Figure 2 . The tip of RALF moves very close to the constraint surface using PD position control. That position corresponds to each joint angle at 105 degrees. Then RALF performs force control against the surface and follows a desired trajectory along the surface. The desired force is 1.5 lbf, and the trajectory is given as a cycloidal motion for one foot of travel distance. Figure 4(b) shows the contact force measured by the force sensor at the tip of RALF. The high frequency oscillation of the measured force at the start of the motion is due to the structural vibration of the force sensor. After contact at 3.7 sec, the contact force follows the desired force as we expected.
Still, there exists significant steady state error in contact force, but t h i s error may be reduced by adding an integral term of the force error to the force controller.
Two Point Contact (Bracing) Hybrid Control
A second experiment will be performed to show two point hybrid control. The bracing foot of RALF is to brace against the same constraint surface as in the previous experiment, and the tip of S A M also makes a contact with a vertical constraint surface as shown in Figure 2 . Two arms carry out the proposed multiple contact hybrid control against two different surfaces.
The second task is to move RALF and SAM while bracing. While RALP perfinms the bracing strategy, S A M executes the hybrid motion control. Figure 5(a) shows the force measurement at the bracing point. Similar to the previous case, the force umtrolier takes a long time to settle down and has a large overshoot, but the response converges to the desired force eventually. The goal is to follow a cycloidal trajectory; however, again, the response was poor due to noise from the brushless motor and the coupling dynamics between the two arms. Improvement against the constraint surface. The contact force converges to the desired force slowly. Since the force controller is operated mainly under static information, its response is relatively slow compared to the position controller response. When two force control routines are applied at the same time for each manipulator, the total system force response is diminished significantly.
Effectiveness of Bracing RALF
One of the main reasons to brace a large flexible manipulator is to reduce its structural vibration. In this experiment, we investigate how much vibration is actually reduced by bracing. This time, RALF carries S A M at the tip and braces with a bracing foot against the stationary frame. RALF applies hybrid control to maintain the constraint force and bracing position, while SAM performs a circular motion. An accelerometer is mounted at An HP signal analyzer is used t o compute the power spectrum of the accelerometer signal. As shown in Figure  6 , the lowest structural fresuency is observed at 2.6 Hz, and the second one at 3.3 Hz without bracing. Bracing makes the first peak of vibration smaller by 13 db and the second peak shifts to 4.1 Hz. This phenomenon can be explained as a change of boundary conditions. Without bracing, the boundary condition of the open chain structure is a free condition, but with bracing, the closed chain structure more closely resembles a pin condition. Thus, bracing causes faster and smaller amplitude structural vibration. 
Conclusion
A hybrid controller is developed for flexible link manipulators which make contact with the environment at more than one point. The controller is derived under the general case of multiple contact constrained dynamics. Using singular value decomposition of a constraint matrix, the control input torque is divided to achieve position and force control in each direction. The stability of the proposed hybrid controller is proved analytically. An experimental study carries out the implementation of the proposed hybrid control for the prototype mimlmacro manipulators, RALF and S A M . Under various task conditions, the proposed real-time controller accomplishes tracking position control along the constraint surface and force control against the surface. A bracing strategy is realized to show its feasibility for real world applications. The relative comparison study of effectiveness of bracing is carried out and shows the reduction of vibration in an arbitrary configuration.
